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of figure 2 are the same as those obtained by any of the 
manual methods commonly employed; discrepancies with 
respect to results obtained manually by the F / E O  method are 
within 5'7;; this was satisfactory for our purposes but it can 
be bettered with the use of precision analogue circuitry, which 
is commercially available but expensive. 
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Figure 4 System response to a Q-l step function; at point 
A a sudden introduction of air takes place, followed by a 
slow return to the initial conditions. 

Figure 4 shows the response of the apparatus to a Q-l step 
function, obtained by a sudden introduction of air into the 
vacuum chamber. The rise time of the Q-1 step obtained is 
unknown, but the curve shows that the response time of the 
apparatus is better than 4 s. 
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Abstract The note discusses the time resolution of p-i-n 
photodiodes applied as electron detectors. The rise time was 
found to be of the order of 1 ns, which is equal to that in 
the case of photon detection. However, it appears that in 
electron detection the initially fast decay turns over in an 
exponential decay with a time constant of about 30 ns. 
A simple algorithm is presented that corrects the recorded 
waveform for the effects of this tail. 

1 Introduction 
In a study of plasma heating by an electron beam (Jurgens et 
a1 1976) a 500 keV, 500 A, 20 ns pulsed relativistic electron 
beam (REB) is injected into a preformed plasma. The deter- 
mination of the energy distribution of the beam is a valuable 
tool for investigating the processes involved in the energy 
transfer from an REB to a plasma. To this end we developed 
a 180" magnetic energy analyser capable of measuring the 
time-resolved energy distribution of a small part of the 
electron beam in the range 100-750 keV. In this device 
p-i-n photodiodes (type Monsanto MD2) are applied as 
fast electron detectors. The lenses are removed to allow the 
electrons to hit the chip directly. In this way they are used 
as a kind of surface barrier detector. It has been shown that 
the output current of a p-i-n diode is linear with the incident 
current density, while the sensitivity of 9 mA mA-1 cm2, 
corresponding to a current gain of about 1500, is nearly 
constant for electron energies in the range of 100-600 keV 
(Jurgens et a1 1975). To obtain the energy distribution of the 
electron beam in the experiment the p-i-n diode detector 
signals are recorded in the energy analyser during 10011s 
at a number of preselected energies (Jurgens et a1 1977). 

2 Experimental results 
Figure 1 shows three examples of p-i-n diode signals taken 
in the analyser at three different energies. The beam was 
injected into vacuum. The beam energy loss due to the 
self-inductance of the system ( L  dIbeam/dt) was estimated 
to be less than 30 keV in this experiment. Therefore the 
energy of the beam electrons is approximately equal to the 
voltage applied to the field emission diode in which the 
beam electrons are accelerated. Figure 2 shows the voltage 
across the field emission diode as a function of time. From 
figure 2 it is clear that a particular electron energy will appear 
twice in the course of time, except for the maximum voltage. 
The diode signals should therefore consist of two narrow 
spikes. However, the data of figure 1 exhibit a substantial 
broadening of the spikes. The diode signals show a fast rise 
time, of the order of 1 ns. The decay of the signal is initially 
fast, but it turns over in a 'tail' having a more or less expo- 
nential decay with a time constant of about 30ns. This 
tail does not correspond to the true time behaviour of the 

0022-3735/78/0012-1161 501.00 6 1978 The Institute of Physics 



Apparatus and techniques 

50 100 
ns 

V 

( b )  

ns 

Figure 1 Signals obtained from p-i-n diode detectors in 
the magnetic energy analyser. The output signals are shown 
for three different energies: (a)  300 keV, (b) 430 keV, (c) 
500 keV. The beam is shot into vacuum. 
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Figure 2 Voltage across the field emission diode in which 
beam electrons are accelerated. Horizontal levels indicate 
the energies corresponding to the analyser signals of 
figure 1. 

electron current as is shown by an experiment in which the 
diode is exposed to a short pulse of electrons with a known 
current-time dependence. 

In figure 3 the electron beam current registered in a metal 
Faraday cup is compared with the p-i-n diode response. 
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Figure 3 Response (trace 3) of the p-i-n diode to a short 
electron beam pulse (trace l), and the diode signals after 
processing (trace 2)  by the correction procedure described. 
All traces have been normalised to the same amplitude. 

The short electron pulse in this case is produced by passing 
the beam through a ‘filter’ of 0.45 mm thick aluminium, 
which has a high transmittance for electrons above 400 keV 
only. The diode signal shows indeed the long ‘tail’. The 
tail is not caused by the electronic circuit behind the diode, 
which was investigated with a 4 ns laser pulse. If we create 
with the laser a p-i-n (photo)diode signal of equal magnitude 
as observed in electron excitation, the shape of the diode 
signal is congruent with the shape of the light pulse. Further- 
more the existence of the tail does not depend on the signal 
amplitude. 

3 Correction of the tail 
The tail exhibited by the p-i-n diode detector signals is 
evidently due to excitation by high-energy electrons. The 
tail causes an erroneous result in the measured energy distri- 
bution. Therefore we had to correct the measured signals 
before constructing the energy distribution from them. 
We now describe the procedure used for this correction. 

In our experiment the signals are recorded and digitised 
by a Tektronix R7912 transient digitiser. This instrument 
gives the output of the diode detector as a function of time 
in N = 5 1 2  samples over a certain period. A signal s(ti), 
i = 1 ,  2, , , , , IV, is obtained where ti= iAt. A corrected 
signal S is calculated (by a minicomputer) according to an 
empirical formula, 

i-1 

k= 1 
$t i )  = s(tt) - vl exp [ - ( t i - I -  t t ) / ~ ~ ] s ( t k ) A t  

i-1 

k = l  
+ v 2  exp [ - (ti-1 - t k ) / T z ] S 2 ( t k ) A t  (1) 

where vl, 71, v2, T P  are constants which have been adjusted 
such that the tail of the diode signal is optimally reduced 
(see figure 3). Optimum values are v1=4.3 x lo8 s-l, 
T I  = 1.9 ns, ve = 7.7 x 106 s-1, 7 2  = 1.2 ns for the diode used, 
which has a decay time of the tail T = 30 ns. The result of 
applying equation (1) to an actual measurement is presented 
in figure 4. 

4 Discussion 
The effect of the correction procedure can be illustrated 
by applying it to an idealised signal. The response of the 
diode to a 8-function electron pulse can be approximated 
by 

(2) s ( t )  =SO exp (- t / T ) ,  t 2 0 

where T is the time constant of the exponentially decaying 
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Figure 4 Correction of the p-i-n diode signal: A, original 
signal; B, correction; C, corrected signal = A - B. All on 
the same (arbitrary) scale. 

tail. Applying only a linear correction, according to equation 
(1) we have in the limit &-to 

S ( t )  = so exp ( - t / ~ )  

and by integration 

S(t)=so exp (-t/T)(1-VlT*[1-exp ( - t / P ) l } ,  (4) 

where l /r* = - 1 / ~ +  1/71. The correction VIT*[~ - exp (- t /7*)]  
is zero for t = 0 and approaches V17* for t --t m, if we choose 
T I < T  such that r*>O. If we further choose v such that 
VT* = 1, equation ( 3 )  reduces to 

S(t) =SO exp ( -  t /Tl) ,  ( 5 )  

so our new signal decays with a time constant 71 e T .  Since 
the actual signals deviate from the idealised exponential 
decay, the optimum value of V I  is such that V1T* =0.86# 1. 
The actual signals also contain a fast decaying part, as can 
be seen in figure 1. This part also contributes to the cor- 
rection, which therefore tends to be too large at small times. 
So we introduced a quadratic, faster decaying, positive 
correction term in equation (1). The constants vz and VI 

are adjusted to keep the corrected signal positive for smaller 
times. 

The ratio of the sum over the samples of the corrected 
signal to the sum over the original signal does not depend 
on the time dependence of the signal. For 100 measured 
p-i-n diode signals of very different time dependence (see 
e.g. figure l), we find 

The signals to be processed by this method consist in 
general of two subsequent pulses, as can be seen in figures 1 
and 4. The first correction term of equation (1) is linear 
and thus there is no interference between the two signals - they 
just add. By nature of the p-i-n diode both pulses have the 
same decay constant. The second quadratic correction 
term is not additive and gives a contribution from the cross- 
product of the two pulses. However, this is a small term 
as long as the second pulse does not follow the first one 

within 3 ~ 2 .  In addition the quadratic term causes the cor- 
rection to be amplitude-dependent, so it is advisable to 
normalise the signals at first. In our experiment this has 
been done roughly by adjusting the sensitivity of the transient 
digitiser. 

In the program used in the minicomputer of the experiment 
we made the substitution 

C l ( i )  = PlCl(i - 1) t 4lS(ti) 

c2(i) = pzca(i - 1) + @(ti) 

d ( t i )  = s(tr) - C l ( i )  + C d i )  

where 91, 2’14, 2ht and PI, 2=exp ( - A ~ / T I ,  2). With the 
new expressions, it takes only 5N+ 7 executions of FORTRAN 
statements to perform the correction. 

(7) 

5 Conclusion 
At low electron current levels p-i-n diodes have been found 
to be useful detectors in a magnetic energy analyser. They 
show a fast rise time of 1 ns, but the decay which is initially 
also fast turns over in a ‘tail’ decaying with a time constant 
of about 30 ns. The time resolution of the energy distribution 
obtained with the analyser is improved by a simple ad hoc 
correction procedure applied to the diode signals. With 
this correction details in the energy distribution are shown 
with a time resolution of about 3 ns. The correction procedure 
is very suitable for use with a minicomputer or micropro- 
cessor. It can be used to improve digitised signals showing 
an artificial exponential decay which is much longer than 
the rise time. Such occurs, e.g. in semiconductor detectors 
or scintillators. Since the procedure depends only on previous 
samples it might also be applied to continuously sampled 
signals. 

Acknowledgments 
The authors thank Dr E H A Granneman for valuable discus- 
sions. This work was performed as a part of the research 
program of the association agreement of EURATOM and 
the Stichting voor Fundamenteel Onderzoek der Materie 
(FOM), with financial support from the Nederlandse 
Organisatie voor Zuiver-Wetenschappelijk Onderzoek (ZWO) 
and EURATOM. 

References 
Jurgens B, de Haan P H, Hopman H J and de Jagher P C 
1977 Energy distribution of a relativistic electron beam 
interacting with plasma 
Phys. Rev. Lett. 39 936 
Jurgens B, Hopman H J, de Haan P H, de Jagher P C and 
Kistemaker J 1976 Energy transfer of a relativistic electron 
beam to a plasma 
Proc. 6th Int. Conf. on Plasma Physics and Controlled 
Nuclear Fusion Research, Berchtesgaden p G2-1: A‘ucl. 
Fusion Suppl. 1977 
Jurgens B, Vijftigschild A, Vrijdaghs J B and Hopman H J 
1975 Application of a p-i-n photodiode as a low current 
electron detector with nanosecond time resolution 
J .  Phys. E: Sci. Instrum. 8 629 

1163 


